INTRODUCTION
The moving coil geophone is still the most commonly used sensor for land seismic surveys despite the introduction of other sensors, usually digital accelerometers.
Modern geophone development has reached the stage where the signal recorded is of very high quality (harmonic distortion is typically less than 0.2% at tilt angles of up to 25°). Geophone specifications typically give values for the maximum allowable tilt; for the most commonly used 10 Hz natural frequency phones, this value is usually between 10° and 15°. Planting geophones with tilt angles within these specifications can be difficult, particularly in harsh terrain. Even if care is taken during planting tilt angles can be significant (Figure 1) . As the tilt angle of the geophone increases we expect to see affects both from the response of the geophone itself, for example reductions in dynamic range (Gibson et al., 2005) , as well as effects from the inclusion of components other than the vertical in the measured waveform. In this paper we describe a field experiment we undertook to quantify the distorting effects of geophone tilt for data acquired using vertical geophones.
THEORETICAL RESULTS
The components within a vertical geophone are oriented for vertical motion, i.e. the spring is pre-stressed to ensure that the coil is located at the centre of the magnetic field while accounting for gravitational acceleration. As the tilt angle increases the coil will no longer be centred in the magnetic field and this will increase the non-linearity of the spring and therefore the total harmonic distortion of the measurements. If the tilt angle becomes extreme then the effect of gravity on the mass will be reduced to the point that the spring will cause the coil to make contact with and be coupled with the geophone casing. At this point the coil is no longer inertial and any measurements will be spurious. The upward displacement s of the coil is given by Kamata (2012) ( 1) where g is gravitational acceleration, ω 0 the angular natural frequency of the geophone, and θ is the angle of tilt from the vertical. The maximum movement of the coil in a 10 Hz geophone is around 1 mm thus we expect that the maximum usable tilt is less than 55°.
When a geophone is tilted we have two major factors that will distort the recorded waveform: a reduction in the measurement of the vertical component of the waveform and contamination of the measurement by non-vertical components of the
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As well as an amplitude effect the recording of other components of the wavefield can result in a phase effect. Figure 2b is a synthetic Rayleigh wave 'recorded' with geophones with different degrees of tilt (again neglecting any mechanical effects). The ratio between the amplitudes of the horizontal and vertical components of the wavefield in this case is 0.7. As the horizontal and vertical components are out of phase instead of getting the increase in amplitude with increasing tilt that we might expect from Figure 2 we get an increasing difference in phase. 
EXPERIMENTAL METHOD
To determine the effects of tilt on the data we created a spread that consisted of tilted geophones placed between vertically placed geophones. To enhance our comparisons vertical geophones were placed 10 cm above and below and to the left and right of the tilted geophone (Figure 3a) . To ensure good coupling the geophones were emplaced using a specially constructed 'tiltometer' (Figure 3b) . The geophones were tilted towards the source and to the side of the source and data acquired either side of the spread. A sledgehammer source was used as the source. From the results of a walkaway test acquired into a line of 0.2 m spaced geophones (Figure 8) we determined that at an offset of 13 m a refraction could be clearly identified in a time window. To enhance the accuracy of our results we recorded data at a sample rate of 0.25 ms.
PROCESSING
To estimate the signal and noise components we removed the vertical geophone trace ('signal') from the tilted geophone trace ('signal + noise') using a least-squares adaptive subtraction (e.g. Robinson and Treitel, 2000) . An example result is shown in Figure 4 , the 'noise' subtracted is shown at the same gain as the original traces. Once we had extracted the signal and noise we could calculate the perturbation (the difference between the data recorded by adjacent geophones). Figure 5 shows ambient noise recorded using geophones tilted with 5º increments. At an angle of 50° we still record a recognisable waveform but at tilt angles of 55° and above there is a very sharp reduction in amplitudes. Figure 6 shows an example result for the geophones located in a line at the centre of the recording patch; as the tilt of the geophones increases beyond ~10° the nature of the recorded waveform is clearly affected. Figure 9 shows traces recorded by the geophones in the centre of the patch. Clearly perturbation increases with tilt but it varies with the orientation of the tilt angle relative to the sourcedetector axis. The geophones tilted parallel to the sourcereceiver axis being affected more as they are susceptible to horizontally travelling waves. Figure 10 shows examples of traces recorded using four different tilted geophones and their surrounding upright geophones. The results from the upright geophones are relatively consistent as is the increase in the difference between the upright and tilted geophones with increasing tilt. Figure 7a shows the average perturbation calculated for 20 different records (the perturbation at each angle and for each record being the median of the perturbation calculated between the tilted trace with the four surrounding vertical traces) for geophones tilted perpendicular to the source-receive axis. The average perturbation at 10° tilt is slightly more (8.3% vs. 7.4%) than that of the vertical geophone. Beyond that, however, perturbation starts to increase and reaches 39% at an angle of 50°. When the geophones are oriented parallel to the sourcereceiver axis perturbation is considerably higher (Figure 7b ) and reaches more than 20% at angles of only 10°. As an estimate of the repeatability of the measurements we calculated the normalised root mean square (NRMS) between each tilted geophone and its surrounding geophones. The results for the geophones tilted perpendicular to the sourcereceiver axis show no appreciable increase in NRMS until we reach a tilt angle of more than 30°. NRMS is, however, considerable even for vertical geophones spaced only 10 cm apart. For the geophones tilted perpendicular to the axis, however, the values increase steadily reaching 45% at 10° and 80% at 30°.
RESULTS
Comparison of the first-break amplitudes between the tilted and vertical geophones aligned perpendicular to the source-receiver axis shows that amplitude increased, to a maximum of 8% more at a tilt angle of 20°. Beyond tilt angles of 30° the amplitudes decreased rapidly reaching 50% less at 50°.
CONCLUSIONS
Our results show, perhaps surprisingly, an agreement with theory. The critical angle of the 10 Hz geophones used for this test is 55°. Comparisons of the data recorded using vertically placed geophones separated by only 10 cm shows that the perturbation level averages 8%, the source of these differences is yet to be determined but may be related to coupling. If one of those geophones is tilted then the perturbations can be far higher increasingly exponentially. The level of perturbation is also heavily azimuthally dependent, for example, for a geophone tilted at an angle of 30°, the perturbation varied between 14% and 48%. In our dataset there was little evidence of strong shear waves but in areas where this is a problem their contribution to the waveform recorded by a tilted geophone would be considerable resulting in even higher perturbations. The varied strength of the horizontal waves in a seismic record would also lead to the perturbation level varying with sourcereceiver offset as well as azimuth.
The obvious solution to these issues is to record data using sensors that have been planted extremely carefully or to use other sensors, such as digital accelerometers or 3C sensors that can have the effects of tilt measured and removed during processing. 
